ABSTRACT We present our results on the manipulation of individual viruses using an advanced interface for atomic force microscopes (AFMs). We show that the viruses can be dissected, rotated, and translated with great facility. We interpret the behavior of tobacco mosaic virus with a mechanical model that makes explicit the competition between sample-substrate lateral friction and the flexural rigidity of the manipulated object. The manipulation behavior of tobacco mosaic virus on graphite is shown to be consistent with values of lateral friction observed on similar interfaces and the flexural rigidity expected for macromolecular assemblies. The ability to manipulate individual samples broadens the scope of possible studies by providing a means for positioning samples at specific binding sites or predefined measuring devices. The mechanical model provides a framework for interpreting quantitative measurements of virus binding and mechanical properties and for understanding the constraints on the successful, nondestructive AFM manipulation of delicate samples.
INTRODUCTION
The mechanical and interfacial properties of macromolecular systems are important in understanding their biological function, structural stability, and transport. The mechanical properties of biomolecular systems, expressed in terms of continuum material properties such as elastic moduli and yield strength, have provided insight into the function of systems such as microtubules (Elbaum et al., 1996) and flagella (Block et al., 1989) and the stable states of DNA (Smith et al., 1996; Strick et al., 1996) . Often the motion of a macromolecular system, whether through activated motion or by diffusion, takes place with respect to a contacting, stationary phase. This might be a cell membrane or the surface of a solid-state chemical sensor. The study of macromolecular systems on substrates, in combination with the ability to chemically functionalize those surfaces, offers the possibility of studying the molecular basis for specific and nonspecific binding on individual samples. The atomic force microscope (AFM) holds promise of being a powerful tool in these studies, as it has been applied to the quantitative measurement of molecular binding, lateral friction, and material elastic properties on the nanometer scale. In addition to using the AFM to probe material properties directly, it is also of great interest to understand the manipulation of individual macromolecular systems. This ability broadens the scope of studies on individual particles by providing a means to position them at specific binding sites or in predefined measuring devices such as lithographically patterned electrical contacts. In this spirit, we present our results on the manipulation of individual viruses using an advanced interface for AFMs. We show that the viruses can be dissected, rotated, and translated with great facility. We find that the substrate-virus adhesion and the virus elastic properties play an obvious role in the ability to manipulate the viruses without apparent damage. With a mechanical model, we show that the response of the virus's shape to manipulation reveals the competition between the samplesubstrate friction and the mechanical stability of the virus.
In recent years, novel techniques have been developed that allow analysis of the material properties of individual biological particles and macromolecules and further our understanding of their mechanical function and the forces that give rise to their structure (Mohandas and Evans, 1994; Skibbens et al., 1995; Kuo and Sheetz, 1993) . In one class of experiments, efforts have focused on flagella and their role in cell locomotion, and on microtubules, important as structural and transport elements in cells. For example, the torsional strength of flagella has been measured with optical trapping methods (Block et al., 1989) . For microtubules, the flexural rigidity has been measured by imaging their hydrodynamic response (Venier et al., 1994) and by exploiting the surface tension of an artificial vesicle (Elbaum et al., 1996) . In another class of studies, the mechanical properties of DNA have been explored to further understand the supercoiled state, which affects its packing into chromosomes, the transcription process, and general interactions with proteins. For example, optical trapping (Perkins et al., 1994) , magnetic trapping (Smith et al., 1992; Strick et al., 1996) , and molecular "combing" (Bensimon et al., 1995) have been used toward this end. Along with providing a deeper understanding of biological activity, mechanical measurements of biomaterials further our understanding of more general physical phenomena such as hydrogen bonding (Boland and Ratner, 1995) and hydrophobic bonding (Israelachvili, 1991) , and complex phenomena such as selfassembly (Caspar and Klug, 1962) . AFM offers unique capabilities for the structural and mechanical study of bio-logical systems. By virtue of the precise control of the position of the sharp tip and the quantitative measurement of tip-sample forces, AFM can combine nanometer-scale imaging with the determination of mechanical properties. For example, AFM has been used for the direct measurement of the adhesion force between the ligand-receptor pair biotin and avidin (Florin et al., 1994) , forces between complementary strands of DNA (Lee et al., 1994) , viscoelasticity of cell membranes (Putman et al., 1994) , as well as the rigidity modulus of bone (Tao et al., 1992) . Dissections of DNA have also been performed with AFM (Henderson, 1992) .
Manipulation of particles at surfaces is another avenue of investigation that is opened with AFM. Experiments designed to probe the physics and chemistry associated with the movement of nanometer-sized particles on surfaces can be performed by using the AFM tip as a manipulation tool (Jung et al., 1995; Weisenhorn et al., 1990; Junno et al., 1995) . The particle-surface interactions can be probed by measuring the forces required to displace a particle from its adsorbed location (Sheehan and Lieber, 1996; Meyer et al., 1992; Luthi et al., 1994) . A nanometer-scale particle moving along a surface is an ideal system for studying the relationship between adhesion and friction at the molecular level (Mate, 1995; Yoshizawa et al., 1993) . The present study concerns tobacco mosaic virus (TMV) which, beyond its historical interest in biology, has served as a model system for the self-assembly process (Caspar and Klug, 1962) and for statistical mechanical studies of the diffusion of rod-shaped particles (Grossman and Soane, 1990) . We expect that the study of the elastic properties, mechanical stability, and surface binding of TMV and other viruses will shed light on the thermodynamics of self-assembly, their transport properties on surfaces, and the uncoating process in cells. In addition, the simple rigid rodlike structure of TMV makes it attractive as a model system for studies of the manipulation of delicate macromolecular systems.
In this work we have performed controlled manipulations of TMV particles with an AFM using a unique interface specifically designed for manipulation work. The interface combines high-performance graphic rendering of the instrument data with real-time control of the tip-sample interaction and lateral tip position. We present evidence of the high degree of control and wide range of manipulation abilities that this interface offers. We introduce a model that quantitatively describes the manipulation process and can be used in combination with lateral force measurements to determine the mechanical strength of the manipulated object and the object/substrate friction. We apply the model to analyze the shape of manipulated TMV and show that the resulting deformation is consistent with reasonable values for the frictional shear stress and with reported values for the Young's modulus of biological fiber structures (Elbaum et (Davies, 1985) . The shell of the virus consists of 2130 protein units wrapped helically around a single strand of RNA (3 bp per protein). Interprotein and protein-RNA interactions are noncovalent and are known to be critically dependent on osmolarity and pH (Davies, 1985) . Although a complete TMV capsid is 300 nm in length, fragments of smaller length exist in solution. Conversely, TMV particles tend to aggregate end to end, so that when physisorbed onto a substrate from solution, straight pieces of lengths from 100 to 1500 nm are seen in transmission electron microscopy and AFM imaging.
Instrumentation: the nanomanipulator
To perform sample manipulation and modification effectively, an intuitive approach is needed to explore the large parameter space presented by the manipulation procedure. We have developed an advanced interface for scanning probe microscopy that combines high-performance rendering of the microscope data with real-time instrument control (Taylor, 1993; Finch et al., 1995) . First, the data are rendered as a directionally illuminated surface. Although this representation is commonly generated off-line for presentation purposes, we use a high-performance graphics computer (Onyx; Silicon Graphics, Mountain View, CA) to generate the rendered images in real time to provide the operator with a clearer understanding of the sample topography. Second, we have implemented the real-time manual control of the AFM tip through the use of a hand-held stylus (PHANToM; SensAble Devices, Vanceburg, KY). As the operator moves the stylus laterally through some chosen trajectory, the AFM tip is moved through an equivalent lateral trajectory (scaled down by a factor of 107) on the sample surface. A typical manipulation sequence has the microscope first undergo a computer-controlled raster to acquire the larger-scale sample topography, which is then displayed on the video screen. The operator then switches to manual control, with an icon positioned over the raster image to indicate the location of the tip on the sample. For accurate positioning of the tip, the local sample height at the immediate tip position is displayed to the operator through a haptic interface. The hand-held stylus is connected to a mechanical linkage, which allows the computer to apply forces to the operator's hand. When the operator has manual control of the lateral position of the sample, the feedback loop is left to maintain a constant deflection, as in normal AFM operation. The operator's hand is guided up and down in response to the local sample height, allowing the operator to "feel" the topography of the sample surface. This allows the operator to place the AFM tip on a particular topographical feature precisely before applying modification forces.
A large dynamic range of tip-sample forces is required to perform controlled manipulation of soft samples. For this work, the AFM was operated in two modes: a high-amplitude oscillating mode for nondestructive imaging, and a constant force "contact" mode for modifying the sample. We have implemented a switch-selectable change between imaging mode and modification mode that is quick and transparent to the operator. This allows us to maintain the accuracy of tip placement and to provide a rapid update of the progress of the manipulation work to the operator. Both hardware and software modifications to the commercial instrument used in this work (Nanoscope III; Digital Instruments, Santa Barbara, CA) were necessary to accomplish this. Standard Si tips with high resonant frequencies, provided by Digital Instruments, were used in all imaging and manipulation work. These tips are capable of operating in contact mode as well as in resonant mode and have much larger force et al., 1994).
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constants (20-70 N/m) than typical silicon nitride contact-mode cantile-vers (0.01-10 N/m). A high-amplitude resonance technique with amplitude feedback was used for nondestructive imaging. During manipulation, the tip was engaged in contact mode with force feedback. Tip-sample normal forces maintained during pushing events were on the order of a few hundred nanonewtons. These forces were high enough that the tip was not deflected by the TMV during pushing events, indicating that the force was well above the threshold required to move the virus.
Analysis software
Ridge points determining TMV shape were found with software created at the University of North Carolina's Computer Science Department (Pizer et al., 1996; Fritsch et al., 1994) . Curve fitting was done with KaleidaGraph, version 3.0.5.
RESULTS
Mica and graphite are two of the most common substrates used for AFM work, partly because of the fact that they both provide an atomically smooth surface. In general, our attempts to manipulate TMV adsorbed on mica nondestructively with simple, straight pushing trajectories were not successful. A typical result of a series of pushing events is shown in Fig. 1 , where it is seen that the TMV breaks with little deformation where the tip is placed. The tip is applied at several locations along the 1200-nm-long collection of TMV particles, including within 200 nm of the end, precluding the possibility that the tip is only separating fragments that were initially detached. This suggests that the adhesive/frictional forces acting at the TMV-mica interface were strong enough to exceed the yield stress of the TMV capsid before any translation occurred. The second substrate used in these studies was graphite, a conducting surface commonly used as a lubricant. The inability to image the TMV on graphite using standard contact mode imaging (normal forces < 1 nN) indicated that the adhesion of the TMV on graphite was considerably less than on mica. With the combination of high-amplitude resonance mode for imaging and contact mode for manipulation, the translation and rotation of TMV were readily accomplished. We observed a range of behavior that was attributable to variations in the virus capsid mechanical properties and the virus-graphite adhesion. Both of these would be expected to depend on the sample hydration, which has not been controlled in these experiments. Fig. 2 shows a sequence of images that demonstrate the flexibility with which manipulations have been accomplished. Dissection of the original TMV piece is depicted in Fig. 2 b, rotation of the left half in Fig. 2 c, translation in Fig. 2 d, and straightening of the bent particle in Fig. 2 e and f. For the first manipulation, the tip trajectory was oriented straight up (away from the viewer in the plane of the substrate) through the center of the apparent particle, which is measured to be 350 nm long. The splitting of the particle at this point is due either to the particles being originally distinct, or to the heterogeneity of the substrate adhesion. The left-hand segment is seen to rotate about the far end, which remains in its original location. The translation of this FIGURE 1 Mechanical failure of TMV manipulated on mica. (a) Adsorbed TMV particle in its original adsorbed position and orientation. The particle is over 1000 nm in length, indicating it is an aggregate of TMV segments. The AFM tip is pushed through the virus near the end to the upper right. The close-up in b indicates little to no bending and a complete splitting of the particle at the point of AFM interaction. This suggests that actual cleavage of an individual segment is occurring. The scan size in a is 1.25 ,em, and in b it is 0.6 ,um. segment (Fig. 2 d) was accomplished by a straight push through the center of the piece, perpendicular to its long axis. The height of the particle in Fig. 2 d along its ridge is continuous, indicating that the particle is bending without damage under pushing stresses and substrate adhesion. This is in marked contrast to the behavior seen on mica.
An example of a second class of manipulation behavior is shown in Fig. 3 . This particle, which is 232 nm long and waa-We presumably is a single virus capsid, is pushed near the center in a direction perpendicular to its long axis. The particle is rotated in several steps through an angle of almost FIGURE 3 Rotation and bending of TMV particle on graphite. In a, the particle sits in its original adsorbed orientation. The AFM tip is then used to rotate the particle in successive pushes. The tip is moved in a counterclockwise orientation and makes contact with the virus as indicated by the arrows. 900 while maintaining a relatively straight shape. In this case the particle exhibits rigid, rodlike behavior, indicating, as discussed below, that its mechanical rigidity is comparable to the substrate frictional forces.
A MECHANICAL MODEL
We now seek to understand the behavior of the TMV particle during a manipulation through a mechanical model that takes into account the forces experienced by the particle. The relevant external forces on the TMV arise from contact forces applied by both the AFM tip and by the substrate. These are shown in Fig. 4 . In the case of manipulation discussed here, the important forces to consider are f, the frictional force per unit length of the substrate on the particle, and F, the force of the tip on the particle. The starting point for a mechanical model that accounts for the experiments described is the calculation of the deformation of a rod of length L under applied distributed and concentrated forces (see Appendix for details on the derivation and data fitting). During a uniform translation, the tip force parallel to the direction of motion, Fy, is counterbalanced by the distributed friction force, f. Therefore, the boundary conditions in the case of a manipulated, extended object are identical to a cantilever, supported rigidly in the middle, subject to gravitational forces. In the case of a manipulated virus, the tip acts as a constraint analogous to the beam support, and friction is the distributed force that is the analog of gravity. contains all of the physical parameters of the system. The product EI, known as the flexural rigidity, is the parameter that describes the beam's resistance to deformation under bending, E is the Young's modulus of the beam material, I is the moment of inertia of the cross section (a function of the beam geometry), and f is the magnitude of the friction force per unit length oriented along the y direction. As the beam becomes stiffer, EI increases, R decreases, and the deflection y' goes to zero. When this model is used to describe the TMV system, the bent shape can be fit to Eq. 1 to determine R and hence measure the ratio of the substrate/TMV friction and the TMV flexural rigidity. The terms L and I are functions of the experimental geometry and the TMV structure and are obtained from the AFM data, which correlate well with literature values (r. = 9 nm, ri = 2 nm; I = u(r4 -r4)/4). Fig. 3 c. We stress that the only free parameter in this fit is the prefactor R. The coordinates of the ridge of the TMV are overlaid with the AFM topographical data in Fig. 5 a. We estimate the error in the determination of the ridge coordinates as less than 2 nm. In Fig. 5 b, the beam equation is plotted for the best-fit value of R = 3.07, as well as several neighboring values of R. The best-fit R value yields f/E = 4.7 ± 0.6 X 10-12 m. Clearly, we observe a range of manipulating behavior on graphite, not all of which should be characterized by the small deflection solution given by Eq. 1. The figure illustrates the sensitivity of the resultant shape of the manipulated particle to the physical parameters in the prefactor. As R varies by over an order of magnitude, the resultant bend under manipulation goes from the rigid rod to the flexible cable limit. The fact that in this particular system, TMV on graphite, the ratiofL3/EI falls within this range (according to our model) is most interesting, because the friction of the interface and the mechanical rigidity of materials are independent parameters and can vary over many orders of magnitude from one material to another.
DISCUSSION
We now show that the ratio f/E that we obtain is consistent with reasonable values forf and E. Our discussion proceeds from the frictional force, through the measured value of R, to a "derived" Young's modulus E, to show the logic in an experiment where the lateral force would be measured. In our present case, both f and E are obtained from literature values on comparable systems, and their ratio is seen to be consistent with the measured value of R. The total frictional force, Ff, arising from atomic interactions between regular objects on molecularly smooth substrates, is expected to be proportional to the contact area: Ff = rA = crwLt = fLt, where a-is the shear stress and w is the width of the contact area. The frictional force per unit length, f = ow, is then found by taking the product of the estimated values for the shear stress and contact width of the TMV on the substrate. This analysis would be simplified in an experiment measuring the lateral force during manipulation, because f would be measured directly, obviating the need to consider o-and w separately. Lateral force microscopy (LFM) experiments on conventional solid lubricant surfaces such as MoS2 (Sheehan and Lieber, 1996) and Cd arachidate (Meyer et al., 1992) report shear stress values in the range of 1 MPa (MoO3:MoS2, O-= 1.1 MPa; Cd arachidate:Cd arachidate, c = 1.0 + 0.2 MPa). We assume that the shear stress between the graphite and the protein coat of the TMV to be comparable to these values. Graphite is a solid lubricant, and the widely reported difficulty of imaging adsorbed particles on it with AFM suggests that it is a relatively slick surface on the microscopic scale. To estimate the contact area of the TMV, we note that the TMV height measured with AFM is within 0.5 nm of the literature value, indicating little deformation of the cylindrical shape due to adhesive forces. An upper bound for the width, w, of a "flattened" contact region of 5 nm is estimated from the simple geometrical truncation of the cylinder. A smaller value of the contact width would reduce our estimation of the TMV Young's modulus. For a shear stress of 1 MPa we estimate a frictional force per unit length for the TMV on the graphite surface of f = o-w = 5 mN/m. Finally, the elastic properties of TMV can be found by using the value flE = 4.7 x 10-12 m obtained from the fit shown in Fig. 4 . We find that the flexural rigidity EI = 5.5 x 10-24 N/M2 and the Young's modulus E = 1.1 GPa for the TMV (the significant figures have been retained only to aid in following the derivation). The larger bending behavior seen in Fig.  2 would imply a higher frictional shear stress or a lower Young's modulus, the latter perhaps due to defects in the TMV hidden from the AFM imaging. (Venier et al., 1994) has been reported recently for microtubules determined by observing the bending of the fiber under hydrodynamic flow, whereas a value of E = 1.2 GPa has been reported from the bending due to thermal fluctuations (Gittes, 1993) . It is intriguing that our measurements are consistent with these values, and it remains a most interesting goal to derive the properties of these macromolecular materials from the constituent proteins and their interactions.
CONCLUSIONS
We have demonstrated the manipulation of TMV particles with a high degree of control and flexibility, using a unique interface employing advanced visual and haptic display. This intuitive control of manipulation allowed simple mechanical tests of the TMV particles to be performed efficiently. Whereas the TMV attached strongly to mica, nondestructive manipulation was observed on graphite. We have interpreted the behavior of TMV with a mechanical model that allows the quantitative assessment of the ratio of the substrate/TMV lateral friction and the Young's modulus of TMV. The tests on mica showed that the distributed frictional force was high enough that mechanical failure occurred before any uniform translation. In contrast, nondestructive manipulation of TMV on graphite has been demonstrated, with the bending behavior of TMV falling between the rigid-rod and cable extremes. We have shown that the deformation of the TMV is consistent with literature values for surface stress and for the elastic properties of macromolecular assemblies. In the future, with the addition of quantitative lateral force measurements, this method will be able to determine independently the mechanical properties of deformable materials and their frictional interactions with surfaces.
APPENDIX Contact forces and equilibrium
The details of the mechanical model for an object manipulated on a surface begin with the description of substrate and AFM tip forces on the object. At any interface between two objects, the contact force can be decomposed into normal forces and lateral (friction) forces. We see no evidence in these experiments for a significant frictional force of the tip on the particle, although in some experiments with other samples, tip-sample adhesion and friction can play a substantial role. We therefore describe this interaction with a tip/sample force that is directed along the local interface normal. For the sample/substrate interface, the only force relevant to manipulation is the lateral friction force, f. Although these forces are, in detail, pressures exerted over the respective contact areas, for the purposes of the derivation we model F as a point force. The frictional force per unit length, f, is distributed over the line of contact between the TMV and the substrate and is directed opposite the particle motion. In the text we discussfin terms of an applied frictional shear stress obtained from literature values, along with an estimate of the sample/substrate contact area. In the case where the lateral force is measured directly, the total friction force of the substrate on the sample, Ff = fLt, is measured.
During the manipulation depicted in Fig. 3 , the tip was moved through the TMV particle in the direction perpendicular to its long axis at a velocity that was approximately constant. Therefore, the net external force on the TMV is zero and a static mechanical model is appropriate in attempting to describe the bending behavior. Typical tip translation velocities were about 100 nm/s, and no attempt has been made to observe velocity-dependent effects. It is assumed that the particle was moved far enough that it came to an equilibrium shape before stopping. In general, static friction is larger than kinetic friction, from which we expect that the shape of the TMV while moving will be preserved without relaxation after the motion stops. This is confirmed, on the time scale of minutes, by the stability of the AFM images.
The equation for the deformation of a rod under applied point and distributed forces is given by d4y f dX4 -EI' (2) where EI is the flexural rigidity, E is the Young's modulus, and I is the moment of inertia of the beam cross section. For the purposes of the present discussion, the TMV is modeled as an isotropic and homogeneous solid. In general, the solution to this equation is a polynomial with the coefficients set by the boundary conditions. At the point of the AFM tip contact we set x = y = 0, with the additional conditions of dy(O)/dx = 0 and d2y(L)/dx2 = d3y(L)/dx3 = 0 imposed, respectively, by the absence of moment and concentrated force at the free end. We note that these boundary conditions are identical to a cantilever, supported rigidly at one end, subject to gravitational forces (Fig. 4 c) . In this case, L is the distance from the support to the end of the cantilever. Under these conditions the solution of Eq. 2 is commonly written as f y = 4E [6L2Xi -4LX3 + x4]. 
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The prefactor R ffL3EI contains all of the physical parameters of the system. We have also applied this equation to understanding the deformation of a carbon nanotube after manipulation (Falvo et al., unpublished results). The difference between the behavior of TMV and the nanotube is captured in the difference of the R factor for the two experiments.
Data fitting
The topographical data of the deformed virus are processed by a ridgefinding algorithm to determine the virus shape. In general, the AFM tip will be applied off-center on the virus during a manipulation. In these cases, each side of the virus, extending from the AFM tip to each free end, will have a different value of L, according to the model. In fitting Eq. 2 to the shape of the full virus, it is necessary to fit each side with a different value of L while retaining a common value offlEI. This has been performed in producing the fit shown in Fig. 5 
